Prolyl endopeptidases are key enzymes in the digestion of proline-rich proteins. Fungal extracts rich in prolyl endopeptidases produced by a species such as Aspergillus oryzae used in food fermentation would be of particular interest for the development of an oral enzyme therapy product in patients affected by intolerance to gluten. Two major A. oryzae secreted prolyl endopeptidases of the MEROPS S28 peptidase family, AoS28A and AoS28B, were identified when this fungus was grown at acidic pH in a medium containing soy meal protein or wheat gliadin as the sole source of nitrogen. AoS28B was produced by 12 reference A. oryzae strains used in food fermentation. AoS28A was secreted by six of these 12 strains. This protease is the orthologue of the previously characterized Aspergillus fumigatus (AfuS28) and Aspergillus niger (AN-PEP) prolyl endopeptidases which are encoded by genes with a similar intron-exon structure. Large amounts of secreted AoS28A and AoS28B were obtained by gene overexpression in A. oryzae. AoS28A and AoS28B are endoproteases able to cleave Nterminally blocked proline substrates. Both enzymes very efficiently digested the proline-rich 33-mer of gliadin, the most representative immunotoxic peptide deriving from gliadin, with some differences in terms of specificity and optimal pH. Digestion of the gliadin peptide in short peptides with both enzymes was found to occur from its N terminus.
INTRODUCTION
Aspergillus species grow well at neutral and acidic pH in media containing protein as the sole nitrogen source. These fungi produce different sets of endo-and exoproteases that degrade extracellular protein sources into amino acids, and di-and tripeptides that are assimilable via transporters (Monod et al., 2009; Sriranganadane et al., 2010) . During this process, the main function of endoproteases is to produce a large number of free ends on which exoproteases may act. Exoproteases secreted at neutral or alkaline pH are leucine aminopeptidases of the M28 family and an Xprolyl exopeptidase (DppIV) of the S9 family (see MEROPS peptidase database; http://merops.sanger.ac.uk/) (Beauvais et al., 1997; Blinkovsky et al., 2000; Chien et al., 2002; Doumas et al., 1998; Monod et al., 2009) . Exoproteases secreted at acidic pH are tripeptidyl peptidases of the sedolisin family and prolyl endopeptidases of the S28 family (Reichard et al., 2006; Sriranganadane et al., 2010) . Leucine aminopeptidases and tripeptidyl peptidases are non-specific amino peptidases, but are not able to cut before and after a proline residue (Byun et al., 2001; Sriranganadane et al., 2010) . Conversely, X-Pro sequences can be removed at neutral pH by DppIV and X-X-Pro sequences are trimmed off at acidic pH by prolyl endopeptidases of the S28 family. Therefore, DppIV and prolyl endopeptidases are key enzymes in the digestion of proline-rich proteins by removing roadblocks to leucine aminopeptidase and tripeptidyl peptidases, respectively, during the sequential degradation of large peptides into amino acids and short peptides.
Gliadins -components of gluten, a group of proline-rich proteins found in wheat, rye and barley -are a target for prolyl endopeptidases. Gliadins are the proximate environmental cause of inflammation in people suffering coeliac disease or gluten intolerance. The principal toxic components of gliadins are proline-and glutamine-rich peptide sequences [e.g. peptides 31-49 and 57-89 (33-mer) of a2-gliadin] which are resistant to degradation in the gastrointestinal tract and contain several T-cell-stimulatory epitopes (Shan et al., 2002) . Two different therapeutic approaches with enzymes were undertaken to prevent the immunotoxicity of peptides derived from gliadin. (i) The use of the A. niger extracellular prolyl endoprotease AN-PEP, deploying its main activity under acid conditions (Edens et al., 2005) . This enzyme was found to initiate gliadin degradation in the stomach before it reached the intestinal lumen. AN-PEP produced and purified in large amounts was tested in a clinical assay including patients with coeliac disease (Stepniak et al., 2006) . (ii) The use of a combination of a prolyl endoprotease (PEP) from Flavobacterium meningosepticum and a glutamine-specific endoprotease B (EP-B2, cysteine-protease) derived from germinating barley seeds Siegel et al., 2006) . F. meningosepticum PEP caused a rapid degradation of the 33-mer peptide either in vitro in the presence of brush border membrane extracts or in vivo during perfusion of the rat small intestine (Shan et al., 2002) . However, this prolyl endoprotease is active at a pH near neutrality and is not active in the stomach. To circumvent this problem, PEP was associated to EP-B2 that can be activated at acidic pH by pepsin Siegel et al., 2006) . The combination of PEP and EP-B2 was found to improve gluten digestion. Altogether, both enzyme therapeutic approaches present the inconvenience of using purified enzymes. Therefore, a fungal extract rich in prolyl endopeptidases produced by a species such as Aspergillus oryzae used in food fermentation would be of particular interest as a cheap preparation to administer to patients suffering from coeliac disease or gluten intolerance.
The objective of this study was to investigate the ability of A. oryzae to produce prolyl endopeptidase activity. We identified two major prolyl endopeptidases of the MEROPS S28 protease family, AoS28A and AoS28B, secreted by A. oryzae when this fungus was growing at acidic pH in a medium containing protein as the sole source of nitrogen. The genes encoding AoS28A and AoS28B were overexpressed in an A. oryzae strain under the control of a strong promoter, and transformants producing large amounts of AoS28 protease were selected for further characterization of the enzymes. The proteolytic activity of both enzymes was tested on a proline-rich 33-mer of gliadin, which is known to be highly resistant to digestion and the most representative immunotoxic peptide involved in the pathogenesis of coeliac disease (Shan et al., 2002) .
METHODS
A. oryzae strains and expression plasmid. All A. oryzae strains used in this work were used for food fermentations (Table 1) . A. oryzae NF1 is a uridine auxotroph derived from the strain TK3 which was used in food fermentation (Doumas et al., 1998) . A. oryzae NBRC 100959 is the strain RIB40, which was used for A. oryzae genome sequencing (Machida et al., 2005) . The rDNA internally transcribed spacer ITS2 of all strains was PCR-amplified using the homologous sense and antisense primers P1 and P2 (Table 2) , and 20 ng A. oryzae genomic DNA. The generated amplicons were sequenced for strain characterization. Seven, three and two of the 12 strains used in this study had an ITS2 sequence identical to GenBank accession numbers AB008417, AB008414 and AB008419, respectively (Nikkuni et al., 1998) .
Plasmid pKS1 (Fig. S1 , available in the online Supplementary Material) was designed for the heterologous production of the Aspergillus fumigatus secreted prolyl endopeptidase AfuS28 in A. oryzae (K. Salamin and M. Monod, unpublished results). The sequence of pKS1 was deposited under GenBank accession number LN866854. This plasmid was constructed by cloning in pUC57 an expression cassette with the A. oryzae PYRG gene as a selection marker and the A. fumigatus gene A. oryzae KS7.1 AB008417 B encoding AfuS28 under the A. oryzae TEF1 promoter (Kitamoto et al., 1998) . The expression cassette was generated by gene synthesis (Genecust). An Xho I site was inserted in pKS1 just downstream of the sequence coding for the A. fumigatus AfuS28 signal sequence. A Bgl II site and a Not I site were inserted just after the stop sequence TAG of the AfuS28 ORF.
A. oryzae growth media. A. oryzae strains were routinely grown on 2 % (w/v) malt agar medium (Oxoid) to favour sporulation. To promote proteolytic activity at acidic pH, the strains were grown in liquid medium containing 2 % glucose, 1 % soy meal protein (Supro 1711; Protein Technologies International) or 0.2 % gliadin (Sigma-Aldrich), 0.5 % KH 2 PO 4 , 0.5 % KCl, 0.1 % NH 4 Cl, 0.05 % MgSO 4 and 68 mM citrate buffer (pH 4.0). Minimum agar medium (MM) used for transformant selections was prepared following Cove (1966) . For AoS28A and AoS28B production, A. oryzae transformants were grown in glucose/peptone (GP) medium (2 % glucose, 1 % polypeptone, 0.5 % KH 2 PO 4 , 0.5 % KCl, 0.1 % NH 4 Cl, 0.05 % MgSO 4 ) (Kitamoto et al., 1998) and 68 mM citrate buffer (pH 4.0).
Antigen preparations and rabbit antiserum production. Large antigen peptides (350-400 aa) corresponding to partial amino acid sequences of A. oryzae and Aspergillus flavus putative proteases of the S28 family were produced using plasmid pET-11aH6, a derivative of pET-11a made for His 6 -tagged peptide production (Reichard et al., 2006) . For the synthesis of peptides corresponding to partial amino acid sequences of three A. oryzae proteases (S28B, S28C and S28D; see Results), sense and antisense primer pairs P3/P4, P5/P6 and P7/P8 (Table 2) were used to amplify A. oryzae RIB40 (NBRC 100959) genomic DNA. A 1059 bp DNA fragment encoding part (aa 175-527) of a fourth putative protease of the S28 family in A. flavus (MER 161166) but not identified in the A. oryzae genome was synthesized by Genecust. This protein, called S28A, was 64 % identical to the previously characterized AfuS28 (Sriranganadane et al., 2010) and appeared to be a putative orthologue of this prolyl endopeptidase. The PCR products and synthesized DNA were digested with either Nco I or Rca I and Bam HI to be subsequently cloned into the Nco I and Bam HI sites of pET-11aH6. The resulting plasmids were used to transform Escherichia coli BL21 for heterologous His 6 -tagged peptide production. Cells were grown at 37 uC to OD 600 0.6 and His 6 -tagged peptide expression was induced by adding IPTG to a 0.1 mM final concentration. Incubation was continued for an additional 4 h at 37 uC. Cells were collected by centrifugation (4500 g, 4 uC, 10 min) and the His 6 -tagged peptides were extracted by lysis with guanidine hydrochloride buffer and Ni-NTA Agarose (Life Technologies) resin affinity columns according to the manufacturer. The column was washed with 0.1 M sodium phosphate buffer (pH 5.9) containing 8 M urea. Thereafter, antigen was eluted with the same buffer adjusted to pH 4.0. Rabbit antisera were made by Eurogentec by using the purified polypeptides as antigens.
Detection of native secreted prolyl endopeptidases in
A. oryzae. A. oryzae strains were grown for 48 h in soy meal protein medium buffered at pH 4.0. Ala-Ala-Pro-p-nitroanilide (AAP-pNA) (Genecust) was used as a substrate to test prolyl endopeptidase A. oryzae secreted prolyl endopeptidases activity in culture supernatant and to select active fractions. The secreted proteins from 100 ml A. oryzae culture supernatant were concentrated by ultrafiltration to 2.5 ml using a Centricon Plus-70 (30 kDa cut-off) (Millipore). Thereafter, the concentrate was desalted with a Sephadex G25 column (PD10; Amersham Pharmacia). After the concentration and desalting steps, the active fractions eluted from the PD10 column were pooled and applied to a hydroxylapatite (HPT) (Bio-Rad) column which had been previously equilibrated with a 10 mM sodium phosphate buffer (pH 7.0). After washing the column with the same buffer, prolyl peptidase activity retained on HPT could be eluted from the column with a 100 mM sodium phosphate buffer (pH 7.0). SDS-PAGE of the different protein extracts was performed on a 10 % separating gel. The gels were stained with Coomassie Brilliant Blue R-250 (Bio-Rad). N-glycosidase F digestion of protein extracts was performed as described previously (Doumas et al., 1998) . Western blots were revealed using rabbit antisera and alkaline phosphatase-conjugated goat anti-rabbit IgG (Bio-Rad).
Overexpression of the genes encoding AoS28A and AoS28B in A. oryzae. A. oryzae genomic DNA was isolated from freshly growing mycelium using a Qiagen DNAeasy Plant Mini kit (Qiagen). DNA encoding AoS28A and AoS28B with and without a C-terminal His 6 -tag sequence was amplified by PCR with a standard protocol using homologous sense and antisense primers (P9/P10 and P13/P14 for AoS28A, and P11/P12 and P15/P16 for AoS28B; Table 2 ) and 200 ng A. oryzae genomic DNA. The PCR product was digested with Xho I and either Bgl II, Bam HI or Not I for which a site was previously designed at the 59 end of the primers, and fused to the large 6.5 kb fragment of pKS1 digested with Xho I/Bgl II or Xho I/Not I to generate expression plasmids. A. oryzae NF1 transformation with either Sma I or Sac I/Spe I linearized plasmid DNA was performed by electoporation (Chakraborty et al., 1991) and transformants were selected on MM. For recombinant enzyme production, 1 l flasks containing 200 ml acidic soy meal protein medium (pH 4.0) were inoculated with *10 8 spores of selected transformants and incubated for 48 h at 30 uC on an orbital shaker at 200 r.p.m.
Southern blotting analysis of A. oryzae transformants. All materials and kits were from Roche Diagnostics. Agarose gel electrophoresis of A. oryzae digested genomic DNA (10 mg per line) was blotted onto nylon membranes according to standard protocols (Sambrook et al., 1989) . Hybridization was performed at 42 uC using a DIG Easy Hyb kit with digoxigenin-labelled probes and the membranes were washed using a DIG Wash and Block Buffer Set. Hybridized DNA was revealed using a DIG Nucleic Acid Detection kit. Probes were obtained by PCR amplification of an internal sequence of the genes encoding AoS28A and AoS28B using a PCR DIG Probes Synthesis kit, and the sense and antisense primer pairs P17/P18 and P19/P20, respectively (Table 2) . DNA Molecular Weight Marker VII DIG-labelled was used.
Intron-exon structures of the genes coding for AoS28A and AoS28B. The cDNA encoding AoS28A and AoS28B was obtained by reverse transcription (RT)-PCR with a Qiagen OneStep RT-PCR kit following the protocol provided by the supplier. RNA extracted from selected A. oryzae transformants and homologous sense and antisense primers (Table 2) were used. A. oryzae total RNA was isolated using the filamentous fungi protocol of a Qiagen RNeasy Total RNA Purification kit. The PCR product was digested with Xho I and either Bgl II or Not I for which a site was previously designed at the 59 end of the primers, and cloned into pKJ113 (Borg-von Zepelin et al., 1998) digested with Xho I/Bam HI for subsequent sequencing.
Purification of AoS28A and AoS28B from A. oryzae transformants. For enzyme characterization, His 6 -tagged AoS28A and AoS28B without a His 6 -tag were produced using A. oryzae selected transformants. Culture supernatant was concentrated by ultrafiltration and desalted as described above. Thereafter, His 6 -tagged AoS28A was extracted with a Ni-NTA Agarose (Life Technologies) resin column with histidine elution buffer (50 mM histidine in PBS) as described previously (Sarfati et al., 2006; Sriranganadane et al., 2010) . For AoS28B purification, the active desalted fractions eluted from the PD10 column were pooled and applied to an HPT (Bio-Rad) column that had been previously equilibrated with a 10 mM sodium phosphate buffer (pH 7.0). After washing the column with the same buffer, the recombinant protein was eluted with a 100 mM sodium phosphate buffer (pH 7.0). Protein concentrations were measured by the method of Bradford using a commercial kit (Bio-Rad) and using different amounts of BSA as standards.
Proteolytic activities. Exoproteolytic activities were tested with synthetic substrates supplied by Genecust. Stock solutions were prepared at 100 mM concentration and stored at 220 uC. AP-pNA, AAPpNA, APP-pNA, AAAP-pNA and Suc-AAAP-pNA were dissolved in ethanol/DMSO (1 : 1, v/v). The reaction mixture contained a concentration of 10 mM substrate and the enzyme preparation (between 0.1 and 1.0 mg per assay) in 100 ml 50 mM citrate buffer (pH values from 2.0 to 7.0) or in 50 mM Tris buffer (pH values from 7.0 to 9.0). After incubation at 37 uC for 10-240 min (depending on the activity of the enzyme preparation), the reaction was terminated by adding 5 ml glacial acetic acid and then 0.9 m water. The released pNA was measured by spectrophotometry at A 405 . A control with substrate but without enzyme was carried out in parallel. The AoS28 activities were expressed in mU (mmol released pNA min
21
) using AAP-pNA as a substrate.
Proteolytic cleavage of the 33-mer peptide. Enzymic activities of AoS28A and AoS28B were tested with the 33-mer LQLQPFPQPQL-PYPQPQLPYPQPQLPYPQPQPF obtained from Altergen. Stock solutions of peptide were prepared at 10 mg ml 21 concentration in water. Concentrations of AoS28A and AoS28B in the enzyme preparations were measured by a BCA Protein Assay kit (Pierce Biotechnology) prior to their dilution in water to obtain a final concentration of 80 mg ml
. The reaction mixture contained 4 ml substrate solution (40 mg) and 12.5 ml both enzyme solutions (1 mg) in 71 ml pH 3.8 buffer (20 mM citrate buffer) or pH 7.8 buffer (20 mM Tris buffer). After incubation at 37 uC under agitation for 0, 2.5, 5, 7.5, 10, 15, 20, 30 and 60 min, the reaction was terminated by adding 990 ml stopping solution containing 50 % acetonitrile and 0.1 % formic acid. The peptides in solution were analysed by MS (see below). Reaction mixtures with only one of the two enzymes, as well as controls without substrate and/or without enzyme, were prepared in parallel. Water and solvents were obtained from Biosolve.
MS analysis and data processing. Kinetic MS analyses were performed on a Waters Xevo TQ-S triple quadrupole (Waters) equipped with its standard electrospray ionization (ESI) interface. The reaction mixtures diluted with stopping solution were infused using the builtin system at a rate of 25 ml min 21 in combination with an LC flow of 50 % acetonitrile and 0.1 % formic acid at 300 ml min 21 from a Waters Acquity UPLC i-Class. MeOH was loaded between every analysis to wash the system. Analyses were operated in the MS1 scan mode using positive ionization during 1 min, after an initial 1 min of infusion for equilibration. Data were acquired in continuum mode over the 800-1500 m/z range with a scan time of 1 s. The capillary and cone voltages were set to 3.80 kV and 62 V, respectively. The source temperature, desolvation temperature, cone gas flow and desolvation gas flow were set to 150 uC, 300 uC, 150 l h 21 and 800 l h 21 , respectively; 50 % MeOH was used as purge solution for the fluidics. Spectra 7-60 were combined and smoothed (mean, 2|2). Kinetic plots were based on the areas of the peaks. Raw data were acquired and processed with MassLynx 4.1 (software change note 901) software from Waters.
High-resolution MS analyses were performed on a Thermo Fisher Q Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific) using positive ionization mode in Full MS mode, with a scan range set at 150-1500 m/z in the ESI-positive mode with a heated-ESI probe. The m/z resolution was set at 35 000, automatic gain control target 10 6 , maximum injection time 100 ms, microscans 1, sheath gas 10 (arbitrary), aux gas 0 (arbitrary), spare gas 0 (arbitrary), spray voltage 3000 V, capillary temperature 320 uC and probe heater temperature 30 uC.
RESULTS
A. oryzae strains secrete prolyl peptidase activity at acidic pH in protein media
The ability of various strains of A. oryzae to secrete prolyl endopeptidase activity was tested and strains overproducing S28 prolyl endopeptidases were then generated for enzyme characterization. A. oryzae strains were grown for 48 h in soy meal protein and gliadin medium buffered at pH 4.0. Secreted prolyl peptidase activity using AAP-pNA as a substrate varied from 4 to 22 U ml 21 depending on the strain. NRRL 2220 was the most active strain. Less than 1.0 U ml 21 was measured when A. oryzae strains were grown in MM and GP medium.
A. oryzae genes coding for proteases of the S28 family
A BLAST analysis based on the A. oryzae RIB40 strain genome revealed nucleotide sequences coding for three proteases of the S28 family with a predicted 16-22 aa signal sequence for secretion (Table 3) . Genes encoding putative orthologous enzymes were found in the genome of the closely related species A. flavus (NRRL 3357 strain). In addition, the presence of a fourth gene which shared an intron-exon structure similar to that of the genes coding for the secreted prolyl endopeptidases previously characterized in A. fumigatus and A. niger was found in the A. flavus genome. The enzyme encoded by this gene was called S28A in the present work. The enzymes encoded by the three genes found in A. oryzae RIB40 were called AoS28B, AoS28C and AoS28D.
Antibodies were raised against large peptides (350-400 aa) ( Table 2 ) corresponding to partial amino acid sequences of AoS28B, AoS28C, AoS28D and A. flavus S28A in order to detect AoS28 enzymes in supernatant of A. oryzae cultures. Antisera against AoS28A, AoS28C and AoS28D peptides were highly specific, whilst the anti-AoS28B peptide antiserum cross-reacted slightly with AoS28C peptide (data not shown).
Major secreted prolyl endopeptidases secreted by various A. oryzae strains
We first identified which prolyl endopeptidase were secreted by A. oryzae RIB40 (Table 1) . Culture supernatant *The theoretical molecular mass of the mature domain and the pI were calculated using ExPASy (http://web.expasy.org/compute_pi). DThe putative glycosylation sites correspond to the NXT/S pattern (X, any amino acid except for P).
dKang et al. (2015).
A. oryzae secreted prolyl endopeptidases was concentrated by ultrafiltration, desalted and applied to an HPT column as described in Methods. All prolyl endopeptidase activity was retained on HPT, but could be eluted from the column with a 100 mM sodium phosphate buffer (pH 7.0). The active fractions eluted from the HPT column were pooled, concentrated by ultrafiltration and the proteins were separated by SDS-PAGE. No protein band could be detected in SDS-PAGE gels stained with Coomassie Brilliant Blue. However, Western blot analysis using a prepared anti-AoS28B antiserum revealed a smearing signal for a putative protein of *60-100 kDa (Fig. 1) .
A 60 kDa protein band was detected after endoglycosidase treatment of samples from the same active eluted fractions. No signal was detected using antisera raised against AoS 28A, AoS28C and AoS28D large peptides. We concluded that the major prolyl endopeptidase secreted by A. oryzae RIB40 was AoS28B.
When concentrated culture supernatant of strains NRRL 2220 was applied to an HPT column, 25 % of the total prolyl endopeptidase activity was found to be not retained, whereas the remaining 75 % was eluted with 100 mM sodium phosphate buffer (pH 6.0) and found to be A. oryzae was grown in acidic soy meal protein medium for 48 h. Desalted culture supernatant was filtered through an HPT column and adsorbed prolyl peptidase activity was subsequently released with phosphate buffer. Lanes 1-3: protein profile of desalted culture supernatant, HPT column filtrate containing prolyl peptidase that was not adsorbed to HPT and pooled active fractions eluted from hydroxylapatite, respectively. Lanes 4-6: same fractions as lanes 1-3 after endoglycosidase (EndoH) treatment. Lanes 7 and 8: AoS28A and AoS28B before (lane 7) and after (lane 8) deglycosylation as controls (0.1 mg purified enzyme was loaded per lane). The proteins of an equivalent of 100 ml culture supernatant were loaded per lane of the SDS-PAGE gel. Immunolabelling was performed with antiserum raised against AoS28A and AoS28B large peptides as described in Methods. MW, Molecular mass markers.
AoS28B, as in the RIB40 strain. Western blot analysis of the HPT column filtrate revealed a smearing band for a protein of *70 kDa using prepared anti-AoS28A antiserum (Fig. 1) . A 60 kDa protein band was detected after endoglycosidase treatment of the same samples. No signal was detected using antisera raised against AoS28C and AoS28D large peptides in either HPT column filtrate containing AoS28A or eluted fractions containing AoS28B. We concluded that two major prolyl endopeptidases, AoS28A and AoS28B, were secreted by NRRL 2220.
Further immunoblotting analysis revealed that AoS28B was secreted at pH 4.0 in a protein medium by all 12 A. oryzae strains used in this study. Under the same growth conditions, AoS28A was secreted by three and two A. oryzae reference strains with an ITS2 sequence identical to GenBank accession numbers AB008414 and AB008419, respectively (Table 1) . Noteworthy, BLAST analysis revealed that a lot of strains with the GenBank accession number AB008414 sequence are named A. flavus in reference collections, whilst strains with GenBank accession number AB008419 sequences are named Aspergillus sojae or Aspergillus parasiticus. AoS28A was not detected in culture supernatant in six strains, all with an ITS2 sequence identical to GenBank accession number AB008417. The defect of a gene coding for an S28A prolyl endopeptidase appears to be a feature of most A. oryzae strains with the GenBank accession number AB008417 ITS2 sequence and strain NRRL 2220 which secreted AoS28A appeared as an exception amongst these strains.
Overexpression of the genes encoding AoS28A and AoS28B in A. oryzae
In order to produce large amounts of prolyl endopeptidase for further purification and characterization, the genes encoding AoS28A and AoS28B were overexpressed in A. oryzae NF1. The genomic DNA encoding AoS28B could be amplified using specific 59-sense and 39-antisense primers (Table 2) using A. oryzae NF1, RIB40 and NRRL 2220 genomic DNA as the template. DNA encoding AoS28A could be amplified using genomic DNA of strain NRRL 2220, but not using that of strains RIB40 and NF1. The A. oryzae expression plasmids pAoS28A and pAoS28B carrying genomic DNA encoding NRRL 2220 AoS28A and RIB40 AoS28B, respectively, were subsequently constructed as described in Methods. More than 100 URA + A. oryzae NF1 transformants were obtained with pAoS28A and pAoS28B. In a first round of selection, 50 URA + transformants were tested for prolyl peptidase activity by a quick test consisting of measuring the activity obtained from a carrot of agar taken from the edge of the colony using a Pasteur pipette. Activity varied in a 1 : 20 ratio from one clone to another. For each transformation assay with pAoS28A and pAoS28B, the three clones appearing the more active were purified by growing fungal colonies from single spores on MM agar. Each transformant was subsequently grown in acidic soy meal protein liquid medium for 48 h to screen for the most active transformant producing either AoS28A or AoS28B for further investigations. The finally selected transformants, KS36.9 overproducing AoS28A and KS7.1 overproducing AoS28B, were found to secrete 1050 and 2600 U prolyl endopeptidase activity ml
21
, respectively, using AAP-pNA as a substrate. Prolyl endopeptidase activity of both transformants was found to be *50 % lower in GP medium than in soy meal protein medium and in gliadin medium. For comparison, the activity of the non-transformed NF1 strain in GP medium was v1.0 U ml
, and in soy meal protein and gliadin medium v10 U ml 21 . Southern blot analysis revealed that three copies of the gene encoding AoS28A and two copies of the gene encoding AoS28B were ectopically integrated in strain NF1 to generate the KS36.9 and KS7.1 transformants, respectively (Fig. S2) .
In further experiments, AoS28A and AoS28B were tentatively produced with a His 6 -tag sequence at their C terminus. Recombinant His 6 -tagged AoS28A could be purified from A. oryzae culture supernatant by affinity chromatography using Ni-NTA Agarose resin for further characterization. His 6 -tagged AoS28B did not bind to Ni-NTA Agarose resin, and purification of this second enzyme was performed using HPT as described in Methods.
Intron -exon structures of the genes encoding AoS28
The cDNA fragments encoding AoS28A and AoS28B were obtained by RT-PCR using RNA extracted from selected A. oryzae transformants. The intron-exon structure of AoS28A and that of AoS28B were determined by comparing the cDNA sequences with the A. oryzae and A. flavus genome sequences. Nine introns in positions similar to those of the genes encoding AfuS28 and AN-PEP were revealed in the gene encoding AoS28A. Two introns were found in the gene encoding AoS28B. The positions of the two introns deduced by automatic computational analysis of the sequence deposited under the GenBank accession number XM_001819949 were confirmed.
Properties of AoS28A and AoS28B
AoS28A was found to be active at pH values from 2.0 to 6.0 with an optimal value at pH 4.0 at 37 uC with AAP-pNA as a substrate (Fig. S3) . AoS28B was found to be active at pH values from 2.0 to 7.0 with an optimal value at pH 4.5 (Fig.  S3) . At optimal pH, specific AoS28A activity was 37 mU (mg protein)
21
, whilst that of AoS28B was 112 mU (mg protein) 21 . From these values, the amount of secreted AoS28A and AoS28B in soy meal protein medium was assessed as 28 and 23 mg ml 21 (1050 and 2600 U ml 21 , respectively). Recombinant AoS28A and AoS28B also very efficiently released pNA when APP-pNA, AAAP-pNA and Suc-AAAPpNA were used as substrates. At optimal pH, AoS28A (AoS28B) activity was 2 (37), 16 (240) and 33 (38) mmol min 21 mg
, respectively. Both enzymes showed no activity on the DppIV substrate AP-pNA (Doumas et al., 1998) and on the sedolisin substrate APF-pNA (Reichard et al., 2006) .
AoS28A and AoS28B are glycoproteins as attested by a reduction in their molecular masses following treatment with N-glycosidase F (Fig. 2) . The apparent molecular mass of each deglycosylated protein (*60 kDa) was close to that of the calculated molecular mass of the polypeptide chain deduced from the nucleotide sequence encoding both proteases. Characteristics of the primary structure of both prolyl endopeptidases are summarized in Table 3 . These enzymes belong to the same family as the human lysosomal Pro-Xaa carboxypeptidase (MEROPS accession MER000446) which is a physiological activator of plasma prekallikrein. This enzyme is the prototype of the S28 family for which the Ser/Asp/His catalytic triad of this enzyme has been determined from its crystal structure. Using comparative alignments, the putative catalytic triad of AoS28A and AoS28B could be deduced (Table 3) .
Enzymic degradation of the 33-mer
Degradation of the 33-mer peptide was monitored using either AoS28A, AoS28B or both enzymes. The reaction was completely stopped by a 100-fold dilution in stopping solution containing 50 % acetonitrile and 0.1 % formic acid. Samples were analysed by MS in random order and the intensity of all detected peptidic peaks was measured as described in Methods. None of these peptides were detected in any control sample containing no enzyme or no substrate.
The 33-mer was found to be stable for 1 h under our experimental conditions without enzyme. In contrast, the peak intensities of the 33-mer rapidly decreased in the presence of enzyme(s). At pH 3.8 (Fig. 3a) , the peptide was not detected after 2.5 min with AoS28B or AoS28A+AoS28B, or after 15 min in the presence of AoS28A. At pH 7.8, the digestion was almost completed after 30 min of incubation with the combination of both enzymes (AoS28A being the most efficient) (Fig. 3b) .
The search for the degradation products of the 33-mer produced by either AoS28A or AoS28B or both enzymes resulted in the neoformation of 12 peptides. Their peak intensities over time acquired by triple quadrupole MS and their unambiguous identification by Orbitrap MS data are summarized in Fig. S4 . The size of the detected peptides ranged from 7 (lower limit set to the instrument) to 28 aa. Some detected peptides corresponded to several fragments of the 33-mer as its structure is made of three repetitions of the same sequence of 7 aa (QPQLPYP). Most peptides were detected under all experimental conditions (at both pH values and using both enzymes), except at pH 7.8 with AoS28B. In this case, only peptides 1-33 and 6-33 were detected, the latter with stable intensity over time, indicating that it was the unique product of degradation.
Over time, peak intensities of the peptides that were produced by digestion of the 33-mer using either AoS28A or AoS28B or both enzymes were similar except at pH 7.8 with AoS28B (Fig. S4) . These peptides were not detected at 0 min, and showed maximal peak intensities between 2.5 and 30 min before decreasing, probably because of their further degradation into smaller fragments. The peak intensities of the smallest detected peptides (heptamers; see Fig. S4 ) also decreased with time, suggesting that they were also further digested. Indeed, tetramers and pentamers such as peptide 6-9 and fragments QPQLP, QLPYP and YPQP were detected by Orbitrap MS, but not by the triple quadrupole MS because of the lower m/z limit set to 800.
The following results were obtained by a careful examination of the products of degradation of the 33-mer. First, both AoS28A and AoS28B were strict prolyl endopeptidases with the 33-mer as a substrate, as all detected peptides without exception were produced by cleavage of the peptide bonds at the C-terminal side of proline residues. Second, the digestion of the 33-mer with both enzymes was found to occur sequentially from its N terminus as all detected peptides of w10 aa contained the C terminus of the 33-mer and no N-terminal fragments such as 1-19 or 1-12 were detected (Fig. 4 ). An analytical bias was excluded since smaller N-terminal peptides were detected (e.g. peptide 1-9). Third, the digestion of the 33-mer and its fragments by the combination of both enzymes was always faster or at least equivalent to the digestion by the sole enzymes. This result is explained by the difference in activities of both enzymes rather than by the higher amount of enzyme in solution (2|1 mg). Indeed, the simultaneous use of both enzymes with slightly different activities provides an interesting synergetic effect by reducing the number of limiting steps of degradation. For example, 15 min was needed for AoS28A to completely digest the 33-mer, whilst AoS28B had the same effect in 2.5 min (Fig. 3a) . Conversely, AoS28A could efficiently cleave the QP//QLP bond that AoS28B could not, e.g. to produce the 10-33 peptide (Figs. 4 and S4) . Finally, the intensities measured for all immunotoxic peptides, i.e. peptides with i9 aa (Kim et al., 2004; Sollid et al., 2012) and all non-antigenic peptides were searched and summed. Fig. 5 shows that all peptides i9 aa were completely digested at acidic pH by the combination of both enzymes after 20 min, whilst 30-60 min was necessary when only one of the enzymes was used in the same experimental conditions (Fig. 5a ). In contrast, high quantities of these peptides i9 aa in size were found at pH 7.8, in particular when the sole AoS28B is used (Fig. 5b) . Conversely, increasing quantities of peptides v9 aa in size were detected in all conditions (Fig. 5c, d ).
DISCUSSION
We identified and characterized two major A. oryzae prolyl endopeptidases of the MEROPS S28 protease family, AoS28A and AoS28B, which were secreted when the fungus was grown at acidic pH in a protein medium. AoS28A was from the strain NRRL 2220, which by secreting this enzyme appeared as an exception amongst the strains with an ITS2 sequence identical to GenBank accession number AB008417 (Table 1) . These strains included the strain RIB40 used for A. oryzae genome sequencing (Machida et al., 2005) . AoS28A is the orthologue of the characterized prolyl endopeptidase in A. fumigatus (AfuS28) and A. niger (AN-PEP), as these enzymes secreted in a protein medium are encoded by genes with a similar intron-exon structure, and show a high percentage of identity and similarity (Table 4) . AoS28B was characterized from strain RIB40, and was found to be secreted by all 12 strains used in this study. Incubations were performed at pH 3.8 (a, c) and 7.8 (b, d) using AoS28A+AoS28B, AoS28A and AoS28B. According to (a), all immunotoxic peptides were completely digested after 20 min at acidic pH by the combination of both enzymes, whilst 30-60 min was necessary when only one enzyme was used.
AoS28C and AoS28D were not detected in culture supernatants of the A. oryzae strains used in the present study. However, a recent paper reports the characterization of a prolyl endopeptidase (AO-PEP) that was secreted by an A. oryzae strain, WX2011 (also called S1), isolated in China (Kang et al., 2015) . Its amino acid sequence was identical to that of AoS28C of strain RIB40. The cDNA encoding this enzyme was obtained by PCR using cDNA generated by RT of total RNA extracted from the mycelium of WX2011 strain grown in a collagen medium. Degenerated primers designed according to the conserved sequence of prolyl endopeptidases secreted by bacteria and A. fumigatus were used as primers. The amplified cDNA was expressed in Pichia pastoris, and the enzyme was produced and characterized as a recombinant protein.
As with AoS28A and AoS28B, this enzyme was found to cleave after proline residues using pNA substrates. A native secreted prolyl endopeptidase was previously purified from the same A. oryzae strain by Kang et al. (2015) , but neither molecular biology data nor amino acid sequences permit the formal identification of the protein as AoS28C. From its profile in SDS-PAGE gel, this protease could also be AoS28A. Whether AO-PEP (AoS28C) is concomitantly secreted with AoS28A and AoS28B by the WX2011 strain, and whether AoS28C is a major prolyl endopeptidase secreted by particular A. oryzae strains remain open questions.
Homologous gene overexpression using the TEF1 promoter was previously used by Kitamoto et al. (1998) to produce and characterize two polygalacturonases of A. oryzae (PGA and PGB), and was found to be effective to produce large quantities of AoS28A and AoS28B. Gene overexpression in the native organism was also revealed to be effective for the production of various secreted proteases such as A. niger prolyl endopeptidase AN-PEP, S. cerevisiae barrier pepsin (Bar1), Saccharomyces cerevisiae yapsin 1 (Yps1) and eight of the Candida albicans secreted aspartic proteases for further purification and biochemical characterization (Cawley et al., 1998; Edens et al., 2005; MacKay et al., 1988; Staib et al., 2008 ). An advantage of gene overexpression in the native organism is that the production of recombinant protein can be obtained from genomic DNA and is not obligatory from cDNA as the introns are naturally spliced from transcribed RNA. Yields of 33 mg AoS28A ml 21 and 23 mg AoS28B ml 21 were obtained in shaking liquid culture supernatants. Transfer to the industrial scale and optimization of culture conditions could further improve the production of secreted enzymes.
AoS28A and AoS28B efficiently degraded the proline-rich 33-mer of gliadin, especially under acidic conditions. Both enzymes were found to act as strict prolyl endopeptidases by preferably cleaving peptide bonds from the N terminus region of this 33-mer. AoS28A and AoS28B produced similar but not identical patterns of peptide fragments, with different kinetics of appearance of some individual digestion products. The concept of an oral protease approach to detoxify the gluten is based on the rapid digestion of immunotoxic proteins in smaller non-antigenic peptides of v9 aa (Kim et al., 2004; Sollid et al., 2012) . Fig. 5a shows that all peptides i9 aa in size were completely digested under the acidic conditions corresponding to those of the stomach by the combination of both enzymes after 20 min. Conversely, 30-60 min was necessary when only one of the enzymes was used under the same experimental conditions. Therefore, a combination of both proteases would be relevant in the development of an oral enzyme therapy product for patients suffering intolerance to gluten.
Capsules containing WT A. oryzae enzyme extracts are already sold to favour digestion. Capsules containing extracellular enzyme extracts from the generated A. oryzae transformants secreting large amounts of AoS28A or AoS28B could be of particular interest in the development of an oral enzyme therapy product for patients suffering intolerance to gluten. Both prolyl endopeptidases could be concomitantly overproduced with a battery of other secreted proteases using a protein fungal growth medium (Sriranganadane et al., 2010) . These additional proteases in a crude fungal extract could increase the efficiency of both prolyl endopeptidases for gluten breakdown. 
